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SUMMARY 

An analytical investigation of turbines with, adjustable stator 
blades vas made to determine characteristics and limitations and 
to determine the improvement in specific fuel consumption, at less 
than maximum thrust for Jet engines equipped with this type of tur- 
bine and with adjustable -area exhaust nozzles. Studies were made 
concerning: (l) the necessary variation in stator-exit angle and 

exhaust-nozzle area; (2) the performance of a contemporary turbine 
equipped with variable-angle stators based on a one -dimensional 
analysis; (3) a comparison of the probable performance of conven- 
tional engines with and without variable-area exhaust nozzles with 
engines having adjustable stators, assuming constant component 
efficiencies for a wide range of compressor pressure ratios and 
turbine-entrance temperatures; and (4) a comparison of the actual 
performance of two contemporary jet engines with the analyzed per- 
formance, assuming they were equipped with adjustable -angle stators 
and variable-area exhaust nozzles. 

Analyses were also made to determine the effect of radius 
ratio on the assumptions used in the one -dimensional analysis and 
on the values of design parameters that result in decreasing rela- 
tive rotor -entrance Mach number with increasing turbine -entrance 
total temperatures . Charts were constructed to allow quick cal- 
culation of the loss parameters, relative rotor -entrance -angle 
deviation, and rotor-exit whirl loss for off -design-point operation. 

The following results were obtained: (1) The variation in 

stator-exit angle and exhaust area was not excessive for wide 
ranges of engine thrust output; (2) the variation in turbine effi- 
ciency for contemporary turbines with adjustable stators was small 
for wide ranges of engine thrust output; (3) improvements from 4.5 
to 17 percent (depending on design parameters) in over -all engine 
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specific fuel consumption over conventional engines, and. from 2 to 
8.5 percent over engines equipped with only ad jus table -area exhaust 
nozzles at 60-percent rated power were obtained with the use of 
adjustable -stator turbines and variable-area exhaust nozzles; and 
(4) the improvement in the specif ic -fuel consumption of the two 
contemporary jet engines with the introduction of adjustable - 
stator turbines and variable-area exhaust nozzle varied from 5 to 
8 percent at 70 percent of maximum power. (These results were 
obtained by assuming that the engines equipped (with adjustable-stator 
turbines and variable -area exhaust nozzles were designed for 
cruising conditions.) 


IHTE0DUCTI0N 

Jet engines develop maximum output at the point of maximum 
compressor pressure ratio and turbine -entrance temperature. The 
inherent characteristics determined by the necessity of matching 
the compressor and turbine work output and mass flow of fixed- 
geometry jet engines result in a decrease in engine speed and com- 
pressor pressure ratio as the thrust output (and turbine -entrance 
temperature) are decreased. This reduction in compressor pressure 
ratio tends to decrease the thermodynamic cycle efficiency and, 
with the additional losses resulting from off -design operation of 
the components, often causes a reduction in over-all engine 
performance . 

One method of improving the performance of turbojet engines 
at less than maximum thrust is the use of adjustable -area exhaust 
nozzles. By adjusting the exhaust area and thus varying the pres- 
sure ratio across the turbine, the engine can be kept at constant 
speed for variations in thrust and turbine- entrance temperature. 
The compressor pressure ratio will therefore decrease less than in 
fixed -geometry engines that operate at variable speed. 

Another method of improving the performance of turbojet 
engines at less than maximum thrust is to improve the off -design 
performance of the compressors by adjusting the compressor blades. 
An analysis of the performance of axial -flow compressors with 
adjustable blades is presented in reference 1. 

A method that provides even more flexibility at thrust con- 
ditions below maximum is the combination of adjustable turbine- 
entrance stators and adjustable exhaust nozzles that provides two 
degrees of freedom, which the contemporary turbojet engine does 
not possess. Thus, the engine speed and compressor pressure ratio 
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can "be controlled independently of the engine thrust, vhich per- 
mits operation of the engine at cruising conditions at the highest 
allowable engine speed and at the maximum obtainable compressor 
pressure ratio; these two factors produce low specific fuel con- 
sumption under cruising conditions. As the turbine -entrance tem- 
perature is increased to change from cruising to full -thrust oper- 
ation of the engine, adjustment of the angle of the blades of the 
turbine -entrance stator increases the flow area in the stator to 
accommodate the increased volume flow of gas and adjustment of the 
area of the exhaust nozzle changes the turbine pressure ratio in 
order to maintain a constant engine speed. In this manner, the 
compressor can be so regulated as to operate at a single, efficient 
operating condition for a range of turbine -entrance temperatures. 

If, as the required engine thrust varies, this single-point oper- 
ation of the compressor does not provide the greatest economy, the 
two degrees of freedom provided by adjusting the turbine -entrance 
stator and exhaust nozzle may be exploited to approach optimum per- 
formance more closely by varying the engine speed and the compressor 
pressure ratio. 

In addition to improving the cruising and full-thrust opera- 
tion of turbojet engines, adjustable turbine -entrance stators and 
exhaust nozzles may improve the starting and acceleration character- 
istics of the engine. In jet-engine starting, two problems are 
simplified by adjustable turbine stators and exhaust nozzles. 

The .first is the problem of starting at sea level. During 
starting, when the maximum allowable turbine-entrance temperature 
is used. It might be desirable to change from a point on the com- 
pressor operating map where the compressor is operating at low 
efficiency (near the surge line) to a more efficient operating 
point. This change may be accomplished by adjusting the turbine 
stators, thereby changing the mass flow through the compressor 
and increasing the co mp ressor efficiency and pressure ratio. Lar- 
ger accelerating torque may thereby be obtained and self -sustained 
operation may be reached at lower engine speeds. 

The second - and highly important - problem is that of engine 
starting after a combustion blow-out at altitude. Adjustment of 
turbine stators to reduce the mass flow through the engine to 
improve compressor efficiency will provide high windmilling speeds 
for the engine (and therefore high, burner -entrance pressures) while 
maintaining low burner-entrance velocities, thus providing con- 
ditions favorable for ignition. 

An additional advantage may be obtained with the use of tur- 
bines with adjustable stators. Unlike contemporary Jet engines, the 
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engines equipped with, turbines having adjustable stators and 
adjustable exhaust nozzles can probably operate at constant speed 
for a wide range of thrust. Thus, in changing from low to high 
thrust, no delay will occur as is usual where acceleration of 
high-inertia systems are necessary. An incidental advantage of 
constant compressor speed and maximum pressure ratio at cruising 
speed is that the tendency for burner blow-out is diminished 
because the burner -entrance pressure is higher than for the con- 
ventional units, and higher blow-out altitudes at cruising con- 
ditions are thereby attained. 

The performance of a contemporary turbojet engine with an 
adjustable exhaust nozzle is reported in references 2 and 3; these 
references show that some improvement in specific fuel consumption 
is obtained by the use of the adjustable exhaust nozzle. Informa- 
tion is lacking on the effect of adjustable exhaust nozzles on the 
performance of engines having compressor pressure ratios and 
turbine-entrance temperatures higher than those of contemporary 
engines, and no information is available on the effect of the com- 
bination of adjustable turbine -entrance stators and adjustable 
exhaust nozzles on engine perform. ice. 

An analysis was made at the NACA Lewis laboratory to investi- 
gate the desirability of using adjustable -stato.r turbines in com- 
bination with adjustable exhaust nozzles by determining the opera- 
ting characteristics of turbines equipped with adjustable entrance 
stators, by studying the design limitations, and by estimating the 
effect on turbojet-engine performance. The secondary purpose of 
this analysis is to estimate the effect of ad Jus table exhaust noz- 
zles alone on turbojet -engine performance and to compare this per- 
formance with that obtained by using both adjustable turbine- 
entrance stators and adjustable exhaust nozzles . The additional 
degrees of freedom provided by these variations in engine geometry 
change both the performance and the control characteristics of 
turbojet engines; this investigation is limited to a study of the 
performance characteristics. 

The following problems are analyzed herein; (1) the required 
ranges of adjustment of turbine stator-blade angle and exhaust- 
nozzle area; (2) the performance of a contemporary turbine modified 
to employ an adjustable entrance stator; and (3) the probable per- 
formance of turbojet engines covering a wide range of compressor 
pressure ratios and turbine -entrance temperatures with (a) fixed- 
geometry components, (b) adjustable exhaust nozzles, and (c) both 
adjustable turbine -entrance stators and exhaust nozzles. A com- 
parison is also made of the actual performance of two contemporary 
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jet engines with the estimated performance, assuming the engines 
were equipped with ad jus table -angle stators and adjustable exhaust 
nozzles . 

Charts are presented that aid in estimating the performance 
of adjustable -stator turbines. 


ANALYSIS 

Stator -Exit -Angle Displacement and Exhaust -Nozzle-Area Variation 

In order to maintain constant compressor operating conditions 
(that is, constant speed, pressure ratio, and mass flow), the stator- 
exit angle must be varied to hold the mass flow constant as the 
engine thrust and the turbine-entrance temperature are varied. In 
order to determine the range of angular displacement, an analysis 
was made assuming that the mass flow through the stator was inde- 
pendent of the pressure ratio across the stator. This assumption 
is valid for supercritical pressure ratios. For high subcritical 
pressure ratios, this assumption is valid within reasonable limits, 
as shown in reference 4, where the variation in mass flow from, the 
choking value is only about 5 percent at a Mach number of 0.8. With 
this assumption (using symbols defined in appendix A), the follow- 
ing equation can be written: 


w P* 1 ^2, l,des 

w des ^2,des l,des 

To a first-order approximation, 

Ag sin 02 


^des Bln a 2,des 


Then 




des sin a 2 


"des *’l,cLes Slna 2,des 


( 1 ) 
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Witli the compressor operating at design point v = v^ ea and 
p'l ■ P'i # des» the following expression holds: 


sin 02 V T 'l 
8in <\Z®'i,dee 

Figure 1, obtained using equation (2), shows the stator-exit 
angle 02 as a function of the ratio of the turbine -entrance tem- 
perature to the design turb ine -entrance temperature ^ eg 

for various values of og a es . It is shown that excessive siator- 
angle displacements are unnecessary for even large Increases of 
turbine -entrance temperatures. Thus, for a 50-percent increase of 
turbine-entrance temperature, an Increment of less than 6° is 
required for a design value of 25°. 

During acceleration at maximum turbine -entrance temperature, 
adjustment of the turbine-entrance stator may be desired in order 
to change the mass -flow characteristics of the turbine to provide 
better compressor operation. At any given speed. It may therefore 
be desirable to change the mass flow that would be obtained with 
the stator set at its design angle w a a e8 to a new mass flow that 
would Insure optimum engine operation w a 0 p^ . As in the preceding 
discussion, except that the stator-pressure -ratio term Is included. 


v <x,opt 

v a,des 


£'l,a,opt / \/' I -'l,a,des 

P ' 1 ' 0 ' d8B y T, l,a,opt 


3in a opt 
sin a des 


P* 


l,a,opt 
S^2,a,opt J 
^'l,a,desN 

\p2,a,des J 


(3) 


At any given speed, p' ^ is approximately constant and for opti- 
mum starting T' should equal the maximum allowable temperature. 
For impulse turbines, pg = P3, which is constant for low engine 
output because the pressure drop across the Jet is negligible. 


Then 


v q,opt 
v a, des 


sin a 


bpt 


sin a 


des 




1321 



NACA m E50E05 


7 


This equation is not quite true for high-reaction "blading, "but it 
does show the trend of the variation, if not the exact magnitude. 
The stator-exit angle og as a function of the ratio of weight 
flow on the optimum operating line to weight flow at some point 
off the optimum line, obtained with the design value of a, 
v a, opt/ w a,des * ls ahown ln 2 for various values of a 2 ^ des . 

Here again an angular displacement of only 6° is required for 
approximately 20-percent change in weight flow for a design a 
of 25°. 

It is also necessary to vary the exhaust -nozzle area to main- 
tain constant turbine vork with turbine -entrance temperature 
increasing above the design temperature at the cruising coalition. 
An analysis that assumes that the exhaust nozzle is choking and 
that the turbine efficiency is constant is presented In appendix B. 
The equation that defines the variation of exhaus t -nozzle area is 



1 - 


Ah’ 


7 

\7~ 1 


c p T lt T ' l,des, 


( T’i 

V T, i,d, 


Ah* 


des °p T * l.desy 


' l,des °p t lt T ' l,des > 



1 

2 


c p^'l,des 


(5) 

The ratio of exhaust area to design exhaust area Aj/Aj deg 
as a function of T'^/T’^ dea , with turbine design pressure ratio 
as a parameter is shown in figure 3. It is shown that excessive 
jet-area variation Is unnecessary even for a wide range of engine 
thrust output. For a turbine design pressure ratio of 3, a maxi- 
mum variation of approximately 15 percent is necessary, whereas 
for a turbine design pressure ratio of 6, a variation of approxi- 
mately 35 percent is necessary for a range of engine output from 
design temperature to 150 percent of the design temperature. 


Turbine Analysis 

During off -design-point operation, any turbine will encounter 
losses in addition to those that are inherent at design-point 
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operation. The greatest additional, losses are due to rotor- 
entrance- angle deviation, exit whirl loss, and in some cases an 
increase in the relative rotor-entrance Mach number above the 
critical value. In order to determine the operating char etc ter is tics 
of turbines equipped with adjustable stators, it is necessary to 
evaluate the effect on these three factors of varying the stator- 
entrance angle. 

A common method used for determining off -design -point turbine 
characteristics is one based on one -dimensional flow using certain 
coefficients for evaluating losses. A method of this type is pre- 
sented in reference 5, in which the loss due to rot or -entrance - 

V 2 

w 2 ? 

angle deviation is assumed to be equal to sin (3^ ev . ® ls 

V 2 
Y u 3 

exit whirl loss — s- 2 is also considered, but the variations in 

the losses due to the changes in the relative rot or -entr since Mach 
number are assumed to be negligible. 


This method has been used to obtain the operating character- 
istics of a representative jet-engine turbine. Auxiliary analyses 
have also been made to determine the effect of radius ratio on the 
validity of the one-dimensional analysis, as applied to this part- 
icular investigation, and the effect of varying the stator-exit 
angle on the relative rotor-entrance Mach number. 

A simplified method, presented in appendix C, provides for 
the determination of the rotor -entrance angle deviation and rotor- 
exit tangential velocity at off -design -point operation. This 
method may be used to give same indication of off -design -point 
operation of turbines equipped with adjustable stators . 

One -dlmens lonal analysis of representative turbine . - XJs ing 
the design data and. design-point performance of a contemporary jet- 
engine turbine and the method described in reference 5, an analysis 
was made assuming that the stator-exit angle was adjustable. The 
pertinent turbine design data used in this analysis are: 


a 2,m> de S ■ • • 

02, m > de S 

P3,m> d0 S 

A 2 , eq ft 

A 3 , sq ft 

Hub-to-tip radius ratio . . . 
Design speed, TJ m /y' 6g, ft/sec 


. 28 
. 66 
137 
0.852 
1.26 

0.70 

604 
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In order to keep the compressor at its optimum operating 
point, the results are presented for constant turbine work, weight 
flow, and Bpeed with the turbine stator-exit angle varying to 
allow these conditions to exist with varying turbine -entrance tem- 
perature, which was done by varying the turbine pressure ratio for 
various values of turbine -entrance temperature and stator-exit 
angle with constant mass flow and blade speed. The stator-exit 
angle, the turbine pressure ratio, and the internal efficiency 
were plotted against turbine power output and cross plots of these 
variables were made for a constant turbine output. The results 
are presented in figure 4. The efficiency curve shows that the 
turbine efficiency varies only 0.03 from the value at the 

design point for a range of turbine -entrance temperatures of 40 per 
cent. The remaining curves show the corresponding variations of 
stator-exit angle and turbine total -pres sure ratio with turbine- 
entrance temperature. Inasmuch as the turbine efficiency varia- 
tion is small for the range of temperatures investigated, it will 
be assumed constant in the general analytical treatment of jet- 
engine performance where the turbines operate in this temperature 
range. 

Effect of turbine hub-to-tlp radius ratio on one -dimensional 
analys is . - The one -dimensional assumptions did not consider the 
effect of changes in the relative rotor-entrance angles with radius 
An analysis, presented in appendix D, was made to determine the 
range of deviation of relative rotor-entrance angle. Based on 
simple radial equilibrium and free -vortex flow, the radial varia- 
tion of and % es were determined for various values of 

(Y u /[j)a^ eB and a des at the mean radius . Prom figure 1, a new 
stator-exit angle was determined for each value of a 2 £ es for 
T ' i/T' i,&es and. the radial variation of P - Pdes was 

calculated. 

In this analysis two assumptions were made. The first was 
that even at supersonic stator-exit velocities the variation of 
the flow angle at any radius was equal to the variation of the 
blade angle at the stator exit and was independent of the varia- 
tion in pressure ratio. Beference 6 supports this assumption up 
to a pressure ratio of approximately 2.7 for a particular turbine- 
blade configuration. This value will vary depending upon the blade 
thickness, pitch, and exit angle. The second assumption used was 
that the change in the tangential velocity at the stator exit with 
increasing temperature was small. The reason that this assumption 
could be made was that for constant turbine speed, weight flow, 
and turbine output, V u 2 “^u 3 must be constant and the change 
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in V u 3 for the turbine, analyzed as in the previous section, 
was investigated for a range in turbine -entrance temperatures from 
T’-, T'-, 

— = 0.9 to 1.4 and was found to be negligible. 

l,4es l,des 

The results of this analysis are presented in figure 5, where 
the relative-rotor-entrance-angle deviation pg - Pg des ^ plotted 
as a function of radius ratio r/r m for parameters of design 
stator-exit angle a^^g and design velooity ratios (T u /u) m . 

It may be seen from these curves that at values of r/r m less 
than 1, the value of P 2 - P2,des is approximately equal to the 
value at the mean radius. This approximate equality indicates 
that, for this range of r/r ^ the losses associated with relative- 
rotor -entrance -angle deviation are consistent with the assumption 
of the one -dimensional analysis. At values of r/r m greater than 1, 
however, the values of - $2 d«s are sma H er j which indicates 
that the one -dimensional analysis results in high losses at the 
rotor entrance. These high losses indicate that the turbine effi- 
ciencies calculated, based on the one -dimensional analysis, are 
negligibly low. 

Effect of variable stator-exit angle on relative rotor- 
entrance Mach number . - In the design of turbines, the relative 
entrance Mach number is usually Just under the maximum allowable 
value at the design point. A change in the stator-exit angle from 
the design point will cause a change in the relative Mach number, 
and an Increase in the Mach number may result in a sharp decrease 
in efficiency. Whether or not the Mach number will increase or 
decrease depends on the design conditions. An analysis presented 
In appendix E was made to determine the combination of design var- 
iables for which the relative rotor -entranoe Mach number will 
decrease for an Increase in stator-exit angle (that Is, an increase 
In Jet-engine power), for constant turbine work, speed, and mass 
flow, using the same assumptions concerning stator-exit angle and 
stator-exit tangential-velocity variation set forth In the preced- 
ing section. The following expression was obtained for the maxi- 
mum allowable stator-exit angle for decreasing relative rotor- 
entrance Mach number with Increasing turbine -entrance temperature 
as a function of velocity ratios V u /U and Y u /&' 1 : 




Figujre 6 is plotted using the preceding equation. The function of this curve may he 
explained hy means of the following example: If at a given radius the velocity ratio 
V U /[J is equal to 1,8 and the Mach number V u /a'i * 1.00, then the maximum stator-exit 
angle that will result in a decreasing relative rotor -entrance Mach number with 
increasing turbine-inlet temperature 1 b 36.7°. For any larger stator-exit angle, the 
relative rotor -entrance Mach number will increase and a study of this Maoh number will 
he necessary to determine if the Mach number obtained is above that which is critical 
for the particular set of rotor blades. 

The maximum relative rotor -entrance Mach number usually occurs at the inner radius 
of the turbine where the values of V u /u are usually between 1.5 and 2.0, In this range, 
the maximum stator-exit angles that result in decreasing relative rotor-entrance Mach num- 
ber for increasing turbine-entrance temperature are approximately 31 to 40 degrees. 


Jet -Engine -Performance Analysis 

In order to evaluate the effect of variable-angle-stator turbines on Jet-engine per- 
formance, comparisons must be made erf conventional Jet engines with and without variable- 
area exhaust nozzles and Jet engines equipped with adjustable -stator turbines and 
variable-area exhaust nozzles. In order to obtain this comparison, two methods were used. 
The first method was a general analytical treatment that included cycle analysis to 
obtain equilibrium operating lines for both conventional and adjustable -stator turbo- 
jet engines for a wide range of design-point parameters, assuming constant component 
efficiency. The second method was a comparison of the operating characteristics as deter- 
mined from test data of two contemporary Jet engines, with the operating characteristics of 
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Jet engines as analyzed -with the following components : the actual 

compressors, the actual combustion chambers, and the adjustable- 
stator turbines, together with variable exhaust areas* 

General analysis of Jet -engine performance . - In this analy- 
sis, convent ional Jet engines .and Jet engines equipped with 
variable-area nozzles were compared with engines equipped with 
adjustable -angle stators and variable -area nozzles. These com- 
parisons were made for various values of maximum compressor pres- 
sure ratio and turbine -entrance temperature. For any one compari- 
son, the same value of maximum compressor pressure ratio and 
turbine -entrance temperature was assigned to each of the three 
types of engine. The equilibrium operating lines of the .conven- 
tional Jet engines and the equilibrium operating lines and the 
nozzle -area variation of the engines equipped with variable -area 
nozzles were determined in accordance with the methods described 
in reference 7. With the assumption that the engine mass flow is 
a function only of engine speed and that the component efficiencies 
are constant, it is possible to obtain an approximation of the off- 
design operating conditions for any set of design parameters. A 
further condition applied to the Jet engines equipped vith 
variable -area nozzles was that the nozzle -area variation was 
assigned to hold engine speed constant. 

For the adjustable-stator turbojet engines, the operating con- 
ditions were determined by holding the compressor at its design 
point; that is, constant mass flow, speed, compressor pressure 
ratio, and turbine output. The engine output was varied by chang- 
ing the turbine -entrance temperature and adjusting the stator-exit 
angles and exhaust area. Here again constant component efficiencies 
were assumed. This method of analysis tends to favor the engines 
with variable-area exhaust nozzles, because reduction of turbine- 
entrance temperature causes a decrease of the compressor efficiency 
due to the large change in compressor pressure ratio that must 
occur at constant speed, whereas in this analysis the compressor 
efficiency was assumed constant. 

In accordance with the method for cycle calculations pre- 
sented in reference 8, an analysis was made for both the conven- 
tional and adjustable-stator turbojet engines for two values of 
maximum turbine -entrance temperatures and a wide range of maximum 
compressor pressure ratios. 

Specific fuel consumption, compressor pressure ratio, and 
exhaust -nozzle -area variation are presented in figure 7 as a func- 
tion of percentage of maximum thrust for (a) conventional engines 
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of filed -geometry components, (b) jet engines vith variable-area 
exhaust nozzle, and (c) jet engines vith reriable -area exhaust noz- 
zle and adjustable turbine -entrance stators. 

Inasmuch as the max imum compressor ratio and turbine -entrance 
temperature occur only at the myt-rlmum thrust point for each of the 
three types of engine, the specific fuel consumptions are equal at 
this point. It may be seen that for the complete range of compressor 
pressure ratios and turb ine -entrance temperatures investigated, 
the use of adjustable turbine stators and variable-area exhaust 
nozzles results in improvement, at lover than maximum thrust, of 
specific fuel consumption over both the fixed -geometry jet engines 
and variable-area -exhaust-nozzle engines. This improvement varied 
considerably, depending upon the compressor pressure ratio and 
turbine-entrance temperature used at marl mum thrust. 

Thus, for a maximum turb ine -entrance temperature of 2400° E, 
the improvement in specific fuel consumption over jet engines vith 
fixed-geometry components at 60-percent maximum thrust varied from 
9 percent at a maximum compressor pressure ratio of 4 to 4.5 per- 
cent at a maximum pressure ratio of 12 (figs. 7(a) to 7(d)). For 
a maximum turbine -entrance temperature of 3200° B, the improvement 
at 60 percent of maximum thrust varied from 17 percent at a maxi- 
mum compressor pressure ratio of 4 to 11.5 percent at a ma-rlmum 
pressure ratio of 12 (figs. 7(e) to 7(h)). The improvement of 
specific fuel consumption over jet engines equipped vith variable- 
area exhaust nozzles varied from 3.5 percent to 2 percent at a 
maximum turbine -entrance temperature of 2400° E and from 8.5 per- 
cent to 3 percent at a maxi mum turb ine -entrance temperature of 
3200° E for the same conditions sis previously given. The small - 
est values of Improvement shown are probably of little signifi- 
cance because the assumption of constant component efficiencies 
may introduce errors of the same order of magnitude. The assump- 
tions for the adjustable-turbine-stator case are the least uncer- 
tain because they depend on a fixed compressor operating point 
instead of on constant efficiency vith variations in compressor 
operation. 

It can be seen that at any given pressure ratio the improve- 
ment, at lower than maximum thrust, increases vith increasing 
turbine -entrance temperature, whereas for any turbine-entrance 
temperature the improvement decreases vith increasing pressure 
ratio. The reason for the improvement in specific fuel consump- 
tion is that, in almost every case investigated, the turbine- 
entrance temperature was above that necessary for minimum specific 
fuel consumption at that particular pressure ratio. Any decrease 
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In pressure ratio In comparing one engine with, another at any giTen 
temperature (approximately fixed thrust) therefore caused an 
1 no re as e In engine specific fuel consumption. Thus, the higier 
the maximum turbine-entrance temperature is above that which gives 
wlnlrmnH specific fuel consumption, the greater the Improvement 
that might be expected from a combination of adjustable-angle 
turbine-entrance stators and variable-area exhaust nozzles . Also, 
because the optimum temperature Increases with Increasing pressure 
ratio, for any given turblne-entranoe temperature the Improvement 
In specif io fuel consumption of adjustable-angle-stator turbine 
engines will decrease as the maximum pressure ratio increases. 

The use of only variable-area exhaust nozzles resulted In an 
Impr o v e ment of specific fuel consumption over the fixed-geometry 
Jet engines far the complete range of thrust investigated. Here 
again, the improvement was dependent upon the compressor pressure 
ratio and turbine -entrance temperature at maximum thrust. For a 
maximum turbine -entrance temperature of 2400° E, the Improvement 
over Jet engines with fixed geometry at 60 percent of maximum 
thrust varied from 5.5 percent at a maximum compressor pressure 
ratio of 4 to 3 percent at a ma-rimim pressure ratio of 12 
(figs. 7(a) to 7(d)). For a maximum turbine -entrance tempera- 
ture of 3200° B, the improvement at 60 percent of maximum thrust 
varied from 9.5 percent at a maximum compressor pressure ratio of 4 
to 8.5 percent at a maximum pressure ratio of 12 (figs. 7(e) 
to 7(h)). 

The range of compressor pressure ratios over which the com- 
pressor will operate for the various configurations is also shown 
in figure 7. Thus, although the engine with two variable-geometry 
components can attain constant compressor pressure ratio over the 
range of operation, the pressure ratio of the conventional engine 
varies from about 25 to 40 percent and pressure ratios of the 
engines with variable-area exhaust nozzles vary from about 15 to 
25 percent over a range of thrust output from 60 to 100 percent. 
These variations will probably entail losses in compressor effi- 
ciency. In the variable -area-exhaust -nozzle engine, these losses 
will probably be larger despite the smaller pressure-ratio varia- 
tion, inasmuch as these variations are assumed to occur at constant 
speed. 


A comparison is also presented of the variation in exhaust 
area for the two variable -geometry -component engines. It can be 
seen that at the low pressure ratios the ad Jua table -angle -stator 
engine has less area variation than the adjustable-exhaust-nozzle 
engines, whereas at higher pressure ratios the reverse is true. 
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Analysis of contemporary jet engines with and without adjust- 
able stators . - In this analysis, the operating performances 
obtained from experimental data of two contemporary jet engines 
were used . Experimental data of the compressor and combustion 
chamber were used in conjunction, with, an analysis of adjustable - 
stator turbines to obtain the operating characteristics of 
adjustable-stator-turbine engines for comparison. 

The performance of adjustable-stator-turbine engines vas 
obtained for constant compressor operating conditions over the 
complete engine-power range. The turbine characteristics used in 
this analysis were obtained in the following manner; The maximum 
turbine efficiency was assumed to be obtained at approximately 
70-peroent maximum net engine thrust and the efficiencies over the 
remainder of the operating range were assumed to vary with turbine- 
entrance temperature ratio, as shown in the section on turbine 
analysis. The method for cycle calculations as presented in 
reference 8 was used to obtain the over-all engine performance. 

Figure 8 presents a comparison of engine performance for a 
conventional jet engine and an engine with an adjustable -stator 
turbine with both engines having the same centrifugal -flow com- 
pressor operating at a maximum compressor pressure ratio of 4.40 
and turbine-entrance temperature of 1960° B. Figure 9 shows a 
similar comparison for Jet engines having the same axial -flow c em- 
press or with a maximum compressor pressure ratio of 3.90 and at 
turbine -entrance temperatures of 1760° R. The improvement in fuel 
consumption at 70 percent of maximum engine output is 8 percent 
for the centrifugal-compressor engine and 5 percent for the axial- 
flow compressor engine. 


SUMMARY OF RESULTS 

An analytical investigation of turbines with adjustable 
stator blades was made to determine their operating characteris- 
tics and limitations, to determine the performance of jet engines 
equipped with this type of turbine and with variable-area exhaust 
nozzles, and to compare the performance with conventional engines 
with fixed geometry and with conventional engines with variable- 
area exhaust nozzles. The following results were obtained; 

1. The variation in -turbine stator-exit angle was not excessive 
for wide ranges of engine thrust output. For a 50-percent increase 
in turbine-entrance temperature, an increment of less than 6° vas 
required for a design exit angle of 25°. 
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2. The necessary variation in exhaust -nozzle area vas not 
large, hut Increased for higher turbine pressure ratios. A maxi- 
mum variation of approximately 15 percent for a design turbine 
pressure ratio of 3 and approximately 35 percent for a design tur- 
bine pressure ratio of 6 were necessary for a range of engine out- 
put from design temperature to 150 percent of design temperature. 

3. The variation in turbine efficiency from the value at the 
design point for a range of turbine -entrance temperatures of 40 per- 
cent Is about 0.03 for a contemporary turbine equipped with adjust- 
able stators . 

4. The improvement In over-all specific fuel consumption that 
may be obtained at 60 percent of maximum thrust with the use of 
variable-angle-stator turbines and adjustable-area exhaust nozzles 
varies from more than 4.5 percent (for a maximum thrust condition 

at a turbine-entrance temperature of 2400° E and compressor pressure 
ratio of 12) to 17 percent (for a maximum thrust condition at a 
turbine -entrance temperature of 3200° E and compressor pressure 
ratio of 4). 

For a similar range of maximum-thrust parameters, the im- 
provement in specific fuel consumption of this configuration over 
engines equipped only with variable-area exhaust nozzles was from 
2 to 8.5 percent. In the var iab le -area - exhaust-no z z le engines, 
the compressor losses will probably be larger than in the engines 
with the other two configurations, and thus the advantages, as 
presented for the variable-angle-stator engines over engines 
equipped only with variable-area, exhaust nozzles, are pessimistic. 

The smallest values of Improvement shown, are probably of 
little significance because the assumption of constant component 
efficiencies may introduce errors of the same order of magnitude. 

5. Two contemporary jet engines with maximum compressor pres- 
sure ratios of 4.4 and 3.9, turbine-entrance temperatures of 1960° 
and 1760° B, and equipped with variable-angle-stator turbines and 
ad Jus table -area exhaust nozzles gave an improvement in specific 
fuel consumption of about 8 and 5 percent, respectively, at a 
cruising condition at 70 percent maximum eng in e output over com- 
parable fixed-geometry jet engines. 


Lewis Flight Propulsion Laboratory, 

National Advisory Committee for Aeronautics, 
Cleveland, Ohio. 
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APPENDIX A 
SYMBOLS 

Hie following symbols are used in this report; 

A flow area, sq ft 

An effective annulus a3rea 

a velocity of sound, ft/sec 

Cp specific heat at constant pressure, Btu/(lb)(REt) 
g acceleration due to gravity, ft /sec 2 
h specific enthalpy, Btu/lb 

J mechanical equivalent of heat, ft-lb/Btu 

M Mach number 

p absolute pressure, lb/sq ft 

E gas constant, ft-lb/(°B) (lb) 

r radius, ft 

T absolute temperature, °E 

U blade velocity, ft/sec 

V absolute gas velocity, ft /sec 

W relative gas velocity, ft/sec 

w gas weight flow, lb/sec 

a angle of absolute velocity with tangential direction, deg 

P angle of relative velocity with tangential direction, deg 

7 ratio of specific heats 

p density, Ib/cu ft 
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9 temperature reduction factor (t/t*) 

turbine efficiency based on stagnation conditions neglecting 
tangential velocity component 

Subscripts : 

0 ambient 

1 turbine entrance 

2 turbine -stator exit, -rotor entrance 

3 turbine -rotor exit 

cr state at speed of sound (critical) 

des design 

dev deviation 

J Jet 

m condition at mean radius 

opt optimum 

t turbine 

u tangential 

W relative velocity 

x axial 

Superscripts : 

' stagnation state 

* reference state 
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APPENDIX B 

EXIT APST -AREA VARIATION AS FUNCTION 

OF TURBINE -ENTRANCE TEMPERATURE 

In order to determine the range of exhaust -area variation, an 
analysis assuming supercritical or high subcritical velocities at 
the Jet was made as follows : 


Weight flow w through Jet 



For high subsonic or supersonic velocities at the Jet, 



= constant 


For constant turbine work. 


or 


or 



Ah't 



**’t 1 
Op’lt T ’l 


1 


7-1 



7 



Ah^ 

c p T lt 



Substituting for T* 3 and p' 3 in the equation for weight flow 
yields 
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7 



Inasmuch, as v = v ies . 
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APPENDIX C 

CONSTRUCTION AND USE OP CHARTS FOR DETEE&miATION OF LOSS 

PARAMETERS FOR OFF -DESIGN-POINT TURBINE OPERATION 

The charts for determining the rotor-exit conditions of a 
turbine were constructed as follows : 

From the energy equation, 

1 

7-1 



where a, 


cr 


■45 


7SHT' 


and from the exit-velocity vector diagram 




the following expression is 


1 - 

pT x /p'a cr and F u /a cr , a graphical solu- 
tion was used to determine F x /a or from equation (7) for y = 1.30. 
Relative rotor-exit angles were then assigned and the values of 
U/a cr were calculated. For each assigned value of pV x /p l a. OT) 
charts were constructed with values of Y u /a cr plotted against 
u/a cr with relative entrance angles Pg as a. parameter. 


pY x 

P ,a cr 

By assigning values of 


derived : 


7-1 

7+1 


(T x 2 + T/ 


acr 


1 

7-1 


X 

a cr 


(7) 


The charts for determining the rotor -entrance conditions 
were constructed as follows : 
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where 


and 


tan {*2 


v x /u 



tan a 


V& 


Then 


32 



(a) 


When values were assigned to a and Y u /U, p 2 vas calculated 
using equation ( 8 ), and a chart was constructed with pg plotted 
against V u /tJ with the stator-exit angle a as a parameter. 


The procedure for application of the charts for determination 
of V u ^3 and p 2 at off -design conditions follows. 

For any turbine operating condition, these variables are known: 
T ' -j_ turbine -entrance temperature 

02 stator-exit angle 

U blade speed 

Pj rotor-blade -exit angle 

Ah’-j. turbine output (constant) 

w turbine mass flow (constant) 

An 3 


effective rotor-exit annulus area 
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Then 


and 


T r 3 = T» x 


Ah’ t 


°P 


P'3 



T )t c p T 'l. 


y 

7-1 


From the preceding relations, p ’ 3 and a cr 3 may "be determined. 
Also ’ 

3 1,3 A 113 

Then 

P 3 T I,3 

p *3 a or,3 

and 


U 

a cr,3 

are also known. With the use of these parameters, P 3 , a n d fig- 
ure 10, ' V u 3 /a cr 3 can be determined. With V u 3 known, P 2 

may be found as follows : 

Ah' t gT 

^u f 2 “ U + 3 

and with the use of V u c^, and figure 11 , p 2 can be 
determined. 

Thus, for any operating condition, the parameters that effect 
the greatest off -design losses can be determined. The internal 
efficiency must be assumed in the calculation of p’jj however, 

inasmuch as this assumption affects only the value of p * 3 for a 
first approximation, it will usually be sufficient to use the 
design value of efficiency. 
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APPENDIX D 


RELATIVE -EOTOR -ENTRANCE -ANGLE VARIATION WITH 
RADIUS FOR ADJUSTABLE STATORS 

In order to determine the relative rot or -entrance angle along 
the radius. It is necessary to find the stator-exit-angle variation 
at the desired off -design point. For vortex flow at the design 
point. 


T u r “ V u,m r m 


and 


tan a des 



v 

T x,m r 

V r 
v u,m m 


( 9 ) 


At the off -design point. 


a “ “des + a dev 

where a^ eT may he determined from figure 1. 
For simple radial equilibrium. 



gr p dr 


and 

iasL + -4 e_. o 

2 g dr p dr 


for constant energy along the radius. 


From the velocity triangle, 

V 2 e T u 2 (1 + tan 2 a) 
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Combining the equilibrium and energy equations and substitut- 
ing for V 2 yield 


4(log V u ) 


dr 


(1 


1 / 1 

. 2 » \r 

+ tan a) 


p 

+ sec a tan 


da\ 
a dr/ 


and because a = a£ es + then 

d(log T u ) r 


dr 


sec (a 


des + a dev^ 


h + sec^(a^ es + tan (“des + “dev^ 


Differentiating equation (9) yields 


d- (®d.es + “dev^ 


dr 




cos 


“des 


dr 


r u,m 


m 


and 


d( “a 8 T> 


dr 

d(log V. 


■© 


r ) 

— = - cos 2 (a deS + a deT ) 


L m 


008 “des 


's,m 


-r 2 — tan (a des -t- a d0T ) sr- 2 - 

°°s (o^g + u * m _ 

By integrating this equation and using equation (9) to define a^g, 
Y u was obtained as a function of r/r m for Tar ions values of a des 
and the value of a dev was obtained frcm figure 1, for a 




des 


of 1.5. 
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APPENDIX E 


VARIATION OP RELATIVE ROTOR -ENTRANCE MACH NUMBER 
WITH TURBINE POWER OUTPUT 


In order to determine the variation of the relative rotor- 
entrance Mach number from the design point at the cruising condi- 
tion, the following analysis was made: 



W 2 

7gRT 2 


Inasmuch as 

W 2 = (v u -u ) 2 + v x 2 


and 


tan a 


sin a 


V * 7 


. 2 

sin a 


then 



1 

7gRT 2 


(V„-U) 2 


V u 2 sin 2 a 
1 - sin 2 a_ 


Substituting for T 2 in terms of turbine-entrance tempera- 
ture and stator-exit velocity yields 



1 

rgRT’i 



sin 2 a 


[-1 


1 - sin a / 


(T u 



V u 2 sin 2 a' 
1 - sin 2 a 



last 


NACA EM E5CEE05 


27 


Because 


sin a 
sin ® des 




(Y u -U) 2 (l - sin 2 a des 


l,des, 


+ V u sin a^Leg 


l,des 


rgR T'xl 1 - Bin 2 a dea £ 


A-)- 

l,des/ 



By differentiating with respect to T* d , setting the dif- 

ferential equal to zero, and assuming that SV u /5t , 1 is zero, the 
following equation is obtained: 



where 


a’i = ^7gE T* x 

Solving for the maximum value of sin a for which decreasing val- 
ues of My are obtained for increasing power yields; 
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Figure i. — Variation of stator-exit angle with 
temperature ratio for constant weight flow and 
various design values of stator-exit angle. 
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Figure 2. -Variation of stator-exit angle with weight-flow ratio for 
various design values of stator-exit angle. 














Relative-rotor-entrance-angle deviation, $2 - P2 des 
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Figure 5. - Deviation in relative rotor-entrance angle for 
tu rb i ne-entrance-temperatu re ratio of 1.5. 
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1.0 1.2 1.4 1.6 ! . 8 2.0 2.2 2.4 2. 

Velocity ratio, V u /U 

Figure 6. - Maximum allowaDle stator-exit angle for decreasing 
relative Mach number and for increasing turb ine— entrance 
temperature. y » 1.33. 
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(e) Maximum turbine-entrance temperature, 3200° R; 
maximum compressor pressure ratio, 4.0. 


Figure 7. - Continued. Comparison of representative 
jet engine with fixed geometry, variabi e-area 
exhaust nozzle, and adjustable stator blades and 
variable-area nozzle. Flight speed, 600 miles 
per hour at sea level. 
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(fj Maximum turbine-entrance tempera tu re, 3200° R; 
maximum compressor pressure ratio* 6.0. 


Figure 7. - Continued. Comparison of representative 
jet engine with fixed geometry* variable-area 
exhaust nozzle, and adjustable stator blades and 
variabt e-area exhaust nozzle. Flight speed, 

600 miles per hour at sea level. 
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(g) Maximum turbine-entrance temperature, 3200° R; 
maximum compressor pressure ratio, 8.0. 


Figure 7. - Continued. Comparison of representative 
jet engine with fixed geometry, varl ab Te-area 
exhaust nozzle, and adjustable stator blades and 
variable-area exhaust nozzle. Flight speed, 

600 miles per hour at sea level. 
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(h) Maximum turbine-entrance temperature, 3200° R; 
maximum compressor pressure ratio, 12.0. 


Figure 7. - Concluded. Comparison of representative 
jet engine with fixed geometry, variable-area 
exhaust nozzle, and adjustable stator blades and 
variable-area exhaust nozzle. Flight speed, 

600 miles per hour at sea level. 
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Figure 8. — Comparison of representative jet engine with and 
without adjustable stator blades with centrifugal compressor. 
Maximum t u rb i ne-en t ranee temperature, i960 0 R; maximum 
pressure ratio, 4.40; altitude, 30,000 feet; ram pressure 
ra t i o , t . 2 . 


ft 
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Figure 9 . — Comparison of representative jet engine with 
and without adjustable stator blades with axial-flow 
compressor. Maximum turbine-inlet temperature, 1760° 
maximum pressure ratio, 3.90; altitude, 25,000 feet; 
ram pressure ratio, 1.2. 
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Figure 10. - Variation of tangential critical Mach number with 
blade critical Mach number at rotor exit, r = 1.30. 


1321 


NACA RM E50E05 


47 



Figure 10. - Continued. Variation of tangential critical Mach 
number with blade critical Mach number at rotor exit. 

T = 1.30. 
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Figure 10. - Continued. Variation of tangential critical Mach 
number with blade critical Mach number at rotor exit. 

Y = 1.30. 
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Figure 10. -Continued. Variation of tangential critical Mach 
number with blade critical Mach number at rotor exit. 

Y = I .30. 
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Figure 10. - Concluded. Variation of tangential critical Mach 
number with biaoe critical Mach number at rotor exit. 

Y - 1.30. 
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Figure It. - Variation of relative rotor-entrance angle 
with ratio of tangential velocity to blade speed. 
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